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Apoptosis is a cellular process of self-directed suicide 
that plays a key role during morphogenesis and in the 
maintenance of homeostasis in continuously renew-
ing tissues. Currently, apoptosis is detected mainly 
by gel electrophoresis of fragmented DNA and by 
typical ultrastructural features such as cell shrinkage 
and chromatin condensation. Recently, an i11 situ 
technique was developed that allows the detection of 
the apoptotic process in cells and the quantitation of 
apoptosis in cell populations. We applied this tech-
nique to evaluate the apoptotic process in cultured 
normal human keratinocytes under basic conditions 
and after stimulation with factors and agents that 
are presumed but have never been proved to induce 
apoptosis in these cells . Apoptosis was analyzed 
after stimulation with 1,25-dihydroxyvitamin D 3 
A poptosis is a process of cell de le tion characterized by typical morphologic alterations including chromatin condensation and blebbing of the plasma membrane (Hockenbecy, 1995). Apoptosis is an active mode of cell death that requires new gene expression and the 
activation of endogenous DNase activity (Wyllie et a/ , 1984). It 
occurs during embryogenesis, tissue remodeling, and homeostasis, 
as well as in pathologic conditions such as acquired immunodefi-
ciency syndrome and can cer (Kerr eta/, 1972; Williams eta/, 1991 ; 
Koseki et al, 1992; Ameisen et al, 199 5). 
In human skin, apoptotic cells have been found in lichen planus, 
alopecia areata, graft-IJerslls-host disease, Bowen's disease, in re-
sponse to ultraviolet radiation, and in the hair follicle during 
catagen phase of the hair cycle (Weedon et a/, 1984; Weedon, 
1990; Norris et a/, 1995). T here is also convincing evidence that 
apoptosis occurs in normal skin. Indeed, apoptotic nuclei have been 
observed in developing and adult human ep idermis (Grubauer el a/, 
1986; Gavrieli et a/, 1992; Polakowska ef al, 1994). FurthermOJ:e, 
Manuscrip t received September 19, 1996; revised May 22, 1997; accepted 
for publication May 29, 1997. 
T his work was presented in pa rt at the 26th Annual Meeting of the 
European Society of Dermatologic .R.esea rch , Amsterdam, September 19-
22, 1996. 
R eprin t requests to: Dr. Carlo Pin celli , Department of Dermatology. 
University of Modena, V ia del Pozzo 71, 41100 Modena , Italy . 
Abbreviatio ns: 1,25(0H)2D 3 , 1,25-dihydroxyvita min 0 3 ; TdT, terminal 
deoxynucleotidyltransferase; T UNEL, T dT-mediated dUTP nick end label-
ing; BPE, bovine pituitary extract. 
[1,25(0H)2D 3], transforming growth factor /31 (TGF/31), 
calcium, UVB, or tumor necrosis factor a (TNFa). All 
these factors except TNFa induced apoptosis in hu-
man keratinocytes. Whereas UVB and calcium were 
good apoptogenic stimuli at 6 and 24 h, respectively, 
the vitamin D derivative and TGF/31 induced apopto-
sis after 5 and 6 d in culture. Apoptosis was also 
established by DNA fragmentation and electron mi-
croscopy. Finally, TUNEL technique showed that the 
number of apoptotic cells increases slightly (5-10%) 
from 24 to 144 h even in untreated keratinocytes. Our 
studies indicate that factors normally involved in the 
regulation of cell growth and differentiation can also 
control apoptosis. Key words: terminal deoxymtcleotidyl-
tra.nsferase-mediated dUTP nick.-end lal1eling. J Invest Der-
matol 109:276-282, 1997 
recent studies by Budtz (1994) in toad and human skin ha ve 
demonstrated that apoptosis is a key event in epidermal homeosta-
sis: it removes the excess cells, thus es tablishing the epidermal 
architecture and maintaining the proper cell number. Yet, little is 
known about factors and agents involved in the apoptotic mecha-
ni sms at the skin level. 
We took advantage of a well-defined culture system to eva luate 
the effect of several stimuli as indu cers of apoptosis in normal 
human keratinocytes. Evidence fi:o m other cell systems suggest that 
regul atory factors that control cell prolifera ti on and differentiation 
also control cell dea th (Rubin ef a/, 1993; Polakowska and H aa ke, 
1994). For instance, transforming growth factor-J31 (TGF/31), 
which inhibits keratinocyte proliferation, stimulates apoptosis in 
endometrial stromal and uterine epithe lial cells (Rotello cf a/, 199 1; 
Moulton , 1994). Vitamin D 3 de rivatives exhibit growth-inhibitory 
activity on normal human keratinocytes (Matsumoto et a/, 1990; 
Sebag e/ a/, 1994) and induce apoptosis in breast tumor cell lines and 
HL60 cell s (Bunce e/ a/, 1995; Vandewalle e/ a/, 1995). Calcium, a 
potent regulator of keratinocyte differen tiation (Hennings et a/, 
1980), activates endonuclease (Arends et a/, 1990), resulting in 
DNA fragmentation and apoptosis (McConkey et a/, 1994) . In 
addition , tumor necrosis factor-a (T N Fa) , which seems to be 
involved in u ltraviolet B radiation (UVB)-induced ke ratinocyte 
apoptosis (Schwarz eta/, 1995), also ca uses apoptosis in adenocar-
cin oma cell lines by i11creasing intranuclear calcium (Bellomo el a/ , 
1992). Finally, UVB, which causes the most important enviromen-
tal damage for the skin, causes cell cycle arrest (Zhan el a/, 1993) 
and indu ces the formation of apoptotic keratinocytes iu 11i11o known 
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as "sunburn cells" (Haake and Polakowska, 1995). To measure the 
activity of these apoptogenic agents, we took advantage of the 
recently developed ;,, situ nick-e nd-labeling technique (terminal 
deoxynucleotidyltransferase- mediated dUTP nick-end labeling, 
TUNEL), which allows the ide ntification of apoptosis at the single 
ce ll level and permits quantitation of the apoptotic process in cell 
populations (Gavdeli el a/, 1992). Tlus study d emonstrates that UVB, 
calcium, TGF/31, and 1,25- dihydroJ\.lrvitamiil D 3 [l,25(0H) 2D 3 ] m-
duce keratinocyte apoptosis ;, 11itro. 
MATERIALS AND METHODS 
Cell Cultures Keratinocytc cultures were prepared as described (Pincelli 
e/ a/, 1994). Keratinocytcs for primary cultures were obtained fi·om neonata l 
foreskin. Skin was minced and trypsinized [0.25% trypsin , 0.02% ethyl-
enediamine tetra acetic acid (EDT A)] at 3 7°C for 30 min and keratinocytes 
. 2 ' 
were grown 111 75-cm culture flasks (Costar, Cambridge, MA) with 
mitomycin- treated [1 0 mg per ml for 2 h at 37°C (S igma , St. Louis, MO)] 
3T3 cells. Cells were cultured in Dulbecco's modified Eagle's medium/ 
Ham's Fl2 medium (DMEM/F12, 3:1; Seromed-Biochrom, Berlin, Ger-
many) containing insulin (5 J.Lg per ml, Sigma), transferrin (5 J.Lg per ml, 
Sigma), triiodothyronine (2 nM , Sigma), hydrocortisone (0 .4 J.Lg per ml, 
Sigma), adenine (180 mM, Sigma), mouse epidermal growth factor (1 0 ng 
per ml, Sigma), and 10% fetal bovine serum (Seromed-Biochrom Berlin 
Germany). Subconfluent primary cultures were passaged in se,cond;u; 
cultures. Cells were plated at 1 X 104 ce ll s per cm2 and grown in serum-free 
medium containing bovine pituitary extract (BPE; KGM, Clonetics, San 
Diego, CA) un til ncar con.Buency. For the experiments , keratinocytcs were 
sta rved in medium depleted of growth factors and BPE (KllM, C lonctics, 
San Diego, CA) for 24 h to avoid interference in ou.r culture system and 
provided TGF{31 (10,_ 30, or 100 ng per ml, R & D Systems, Minneapolis, 
MN) , TNFa (500 umts per m l, Genzyme, Cambridge, MA) , calcium (2-3 
mM , BDH Chemical. Poole, England), l,25(0H) 2D 3 (l o-". 1 o-", or 10- s 
M, kind ly provided by Dr. j0rgen Serup, Leo Pharma, Denmark). Kcrati-
nocytes were also irrad iated with UVB (10, 25, 50, or 75 mJ per cm 2). Cells 
were c ultivated on chamber slides (Nunc, Naperville, IL) or on Petri dishes 
for TUNEL technique, DNA ladder and electron m icroscopy, respectively. 
Keratinocytes were either collected for eva luating DNA laddcring or 
directly sta ined on chamber slides for TUNEL technique, and apoptosis was 
measured at dilfercnt times. 
Keratinocyte Proliferation Assay At subconfluency, keratinocytes 
were plated at a density of 1 X 10"' per cm 2 in m edium dep,;ved of growth 
factors and BPE (ICBM, C lonetics) fo~;4 h :~d trcate~ with TGF(31 (10, 30, 
or 100 ng per ml), 1,25(0H)zD3 (1 0 , 10 , or 10-· M) or diluents. Cells 
were harvested by using a trypsin/EDT A so lution (0.005'!1../0.002'X1) for 15 
min and counted in an automatic cell counter (Coulter, Luton, England). To 
determine the proliferation capacity of keratinocytes grown in a growth-
factor-depleted medium, cells were plated on 96-well dishes (I X 104 per 
cm2 ) and c ul tured both in KBM and KGM up to 144. [3 1-f)Thymidine was 
added to each well at a final concentration of 25 J.LCi per ml and cells were 
incubated for an additiona l 12 h . Cells were collected by using a trypsin/ 
EDTA solution with the aid of a cell harvester, and incorporated radioac-
tivity was measured in a {3 counter. Results were expressed as cpm (mean :!:: 
SEM) and Student's t test was used for comparison of the means. R esults 
were obtained from three different experiments. Cell viability was eva luated 
by trypan blue dye exclusion. 
Morphology and TUNEL Keratinocytes were directly stained on cham-
ber slides by using the i11 situ cell death detection kit (Boehringer), as 
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Figure 1. Incorporation of [3H]thymi-
dine in keratinocytes cultured in KBM 
or KGM. Cells were seeded at a density of 
2 X I 03 cells per cm 2 and cultured up to ncar 
confluency in complete KGM medium. At 
tltis point, kcratinocytcs were washed and 
cultured in either KGM or ICBM without 
BPE. CHJThymidine incorporation was de-
te rmin ed every 24 h for 6 d. EITor bars, SEM 
(n = 6) (A). Student's t test was used for 
comparison of the means. KBM I!Crsrts KGM 
at 24, 48, 72, 96, and 120 h was not significant 
(NS). ICBM 11ersus KGM at 144 h was signif-
icant at p < 0.001. In keratinocytes cultured 
in KBM, cell viability was evaluated by trypan 
blue dye exclusion (B). 
recommended by the mnnuf.1cturer. Cell layers were fixed with a 4% 
buffered paraformaldehyde so lutio n before permcabilization wicl1 Triton X 
(0.1%) and sodium citrate. Cells were incubated with fluorescein-labeled 
nuclcotidcs and termina l dcoxynuclcotidyltransfcrasc (TdT) for 1 h at 3 7°C . 
About 100 cells were evaluated, in randomly selected high-power fields for 
each point, ;md tl1e percentage of TUNEL-positive cell s was determined. 
Each experiment was repeated three times. Negative control was obtained 
by replacing the primary incubation wicl1 a nucleotide mixture without 
TdT. l' luorcscent specimens were analyzed by confocal scanning laser 
microscopy (Leica TCS4D) in conj unctio n with a co nventional optica l 
microscope (Leica DM IRBE) . 
DNA Recovery and Electrophoresis Kcratinocytes were co llected at 
different times after brief t1-ypsinization. Pellets were frozen and resus-
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Figure 2 . Effect of TGFJH and 1,25(0H)2 D 3 on kerati.nocyte pro-
liferation. Kcrati.nocytes were plated at 2 X I 03 per cm 2 in ICBM. wii:h or 
without the addition ofTGF{31 (1 0, 30, or 100 ng per ml) or 1 ,25(0H)oD 
(10- s 0 - " - s - ' , 1 , or 10 M). Cell number was determined every 24 h for 6 d 
(A). EtTor bars, SEM (n = 6) . Student's t test was used for comparison oftl1e 
means. Dose-response c urves obtained with different doses of TGF{31 (B) 
and 1 ,25(0H),D3 (C) on keratinocytc proliferation arc illustrated. TGF{31 
and 1,25(0H),.D3 tJCt:l'lls KBM at 24 h were NS. TGF{31 vem ts KBM at 48 h 
were significant at p < 0.002; 1,25(0H) 2D 3 11ersus ICBM at 48 h was NS. 
TGF{31 and 1 ,25(0H)2D 3 11ersus KBM at 72 h were significant at p < 0.002 
and p < 0.006, respectively. TGF{31 IICI'SIIS ICBM at 96 h was significant at 
p < 0.001; 1 ,25(0H),D3 vet:ws ICBM at 96 h was NS. TGF{31 '"""'"s ICBM 
at 120 h was signifi cant at p < 0.0001; 1,25(0H)2 D , (10 - s or 10- 6 ) 11crsus 
ICBM at 120 h was NS ; 1 ,25(0H)2 D 3 (10 - 5 M) 11ersus KBM at 120 h was 
significant at p < 0.0001 . TGF{31 11ersus KBM at 144 h was significant at p < 
0.001; 1,25(0H),D3 11crS11s KBM was NS. 
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Figure 3. TUNEL staining. Confocal images of human 
kcratinocytes undergoing apoptosis. Cells were cul tured on 
slide Aasks and directly stained with Auorescein-labeled 
nucleotides and TdT. (A) Sections (1 jLtn) of control 
keratinocytes and kera tiuocytes treated with UVB (50 mJ 
per cm2 at 24 h) , 1,25(0H)2 0 3 (10 - 6 M at 144 h), TGF/3 
(30 ng per ml at 120 h), or calcium (3 mM at 24 h), scanned 
by the laser microscopy. Scale bnr, 20 jLm . (B) High magni-
fication of a UVB-treated keratinocyte: note fragmentation 
of the nucleous. Scale bnr, 5 f.Lm . (C) Scanning of UVB-
treated keratinocytes by " look up table.'" Maximal satura-
tion of Auorescence in apoptotic ce lls (blue color), as 
compared with normal keratinocytes. Scale bnr, 10 fLm. (D) 
Condensation of the nuclcous in a keratinocyte treated with 
TGF/3 (30 ng per ml) at 144 h. Scale bnr, 10 I.LI11 . 
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pended in lysis buffer (1 0 mM EDTA, 50 mM Tris(hydroxymethyl)ami-
nomethane at pH 8, O.S'Y,, sa rkosy l, 0.5 mg p roteinase K per ml). Afte r a 1-h 
incubation at 50°C, the suspension was supplemented with 0.25 mg 
heat- treated RNase A per ml and further incubated in the water bath at 
50°C for 12 h. Crude extracts were tiJCn transferred to 70°C and added 
loading buffer (1 0 mM EDTA at pH 8, containing 0.25% bromophenol blue, 
1% low-melting- temperature agarose, 40% sucrose). Electrophoresis was 
carried out at :1 5 V on 1.5'!/o agarose gel. 
Electron Microscopy T lus technique was performed by using standard 
protocols. BrieRy, cells were grown and trea ted as described before . 
Keratinocytes were then washed gently in Tyrode and fix ed in 2.5'Vr. 
glutaraldehyde in Tyrode, pH 7 .4. Post-fLxa tion was carried out in osmium 
tetroxide. Cells were dehydrated in a graded alcohol series and embedded 
i11 sit11 in EPON (Fiuka, Buchs, Switzerland). Ultrathin sections were stained 
with uranyl acetate and lead citrate before observation and photography 
with a Philips BM 400T/ST electron microscope. 
RESULTS 
Starvation Does Not Affect Keratinocyte Proliferation and 
Viability To evaluate the proliferation state of keratinocytes 
cultured in serum-free medium and deprived of growth factors, we 
compared [·' H]thymidine incorporation of cells cultured in KBM 
compared to cells grown in KGM every day for 6 d . A s shown in 
Fig lA, keratinocyte prol.ife ration inc reased in both media up to 
120 h without any significant diffe rence, d ecreasing at 144 h in 
keratinocytes cultured in KBM. These data demonstrate that 
starvation does not inhibit keratinocyte proliferation for at least 5 d 
in culture, as reported by others (Shipley cl a/, 1989; Cook e/ a/, 
1991) . In addition, cell via bility, as determined by trypan blu e dye 
exclusion, was ne ver less than 90% over the 6-d culture (Fig lB), 
confirming that keratinocytes are not dependent upon exogenous 
growth factors for their survival. 
Effect ofTGF{31 and 1,25(0H)D3 on Keratinocyte Prolifer-
ation As expected (Munger et a/, 1992), the addition o f TGF{:l1 
to the cultures induced a significant inhibition of keratinocyte 
proliferation even at 10 ng p e r ml (Fig 2A,B), beginning at 48 h 
and up to 144 h (Fig 2A). On the othe r hand , inhibition of 
ke ratinocyte proliferation by 1 ,25(0H)D3 was not consistent at all 
time points (Fig 2A) and only the highest concentration used (10 - 5 
M) was capable of decreasing cell proliferation (Fig 2C) . 
UVB, Calcium, TGF{31, and 1,25(0H)2 D 3 Induce Apoptosis 
in Human Keratinocytes In Situ The TUNEL technique is 
based on the direct and specific labeling ;, si/11 of DNA breaks in 
nuclei and aUows the detection of apoptosis in individual cells 
(Gavrie u el a/, 1992). W e have used this method to ana lyze the 
apoptotic process in keratinocytes cultured in monolayer. UVB, 
calcium, TGF/31. and 1,25(0H) 2D 3 , but not TNFa, were capab le 
of stimulating apoptosjs in cultured human ke ratinocytes (Fig 3A). 
UVB inadiation was clearly an apoptogenic stimulus, as is sh own 
VOL. 109, NO. 3 SEPTEMBER ·1997 IN SITU ANALYSIS OF APOPTOTIC KER.AT!NOCYTES 279 
A 
-<>- 10mJ 8 
80 50 25mJ 
-e- Ca ++ 2mM 
50mJ 
.!!!. -+- Ca.+ 3mM 75mJ 40 Qi 60 (/) contro l 
sham (,) Qi 
"C (,) 30 Cll 
Qi 40 ~ "C Cll .0 Qi !!! .0 20 ~ 20 !!! 0 ~ s== ~ i 0 10 
0 -----r-
0 1 0 2 0 3 0 0 --- ---~ ..,.. __ _., 
hours 0 1 0 2 0 3 0 4 0 
hours 
c D 
40 40 
-<>- TGF f3 
control 
r 
-<>- 1 ,25(0H) 03 
Figure 4. TUNEL staining. Kinetics of 
apoptosis induced in keratinocytes after the 
clifferent stimuli. Arou nd 100 cell s were 
counted in randomly se lected fields for each 
point and percentages of labeled cells arc 
shown . En-or hnrs, SD (n = 3). Student's t test 
was used for comparison of the means. (A) 
UVB . UV13 at I 0 mJ per cm2 6 h ''Cl'SI IS sham, 
p < 0.006; UVB at 10 mJ per cm 2 1.2 h vers11s 
sham , p < 0.001; UVB at 10 mJ per cm2 24 h 
l!ers11s sham, p < 0.000 '1; UVB at 25 mJ per 
cm2 6 h vers11s sham, p < 0.0001; UV13 at 25 
mJ per cm 2 12 h IIC/'S IIs sham , p = 0.00 1. ; UVB 
at 25 mJ per cm 2 24 h 11ers11s sham, p < 
0 .0001; U V13 at 50 m] per cm2 6 h l!crs11s 
sham, p < 0.001; UVB at 50 m] per cm2 ·12 h 
vcrs 11s sham. p < 0 .001; UV13 at SO mj per 
cm 2 24 h 1Jers11s sham, p < 0.0001; U VB at 75 
mJ per cm 2 6 h I!CI'S IIs sham , p < 0.012; UVB 
at 75 mj per cm 2 12 h 1!ers11s sham . p < 
0.0001; UVB at 75 mJ per cm 2 24 h llei'SIIS 
sham, p < 0.0001. (B) Calcium . Calcium at 2 
mM 6 h I!CI"S IIS diluent, p < 0 .002; 2 mM 
calcium 12 b ••ers11s dilu en t, p < 0.00 1; 3 mM 
calcium 6 h IJcm •s diluent, p < 0.003; 3 mM 
C<llcium 12 h IJW'IIS diluent, p < 0.0001; 2 
mM calcium 24 h vers 11s diluent, p < 0.0001; 
3 mM ca lcium 24 h ' 'CI'S IIS diluent, p < 
0.0001; 2 mM calc ium 36 h IJCI'S II s diluen t, 
p < 0.002 ; 3 mM ca lcium 36 h ••crs11s diluent, 
p < 0.02. (C) TGF/3 (30 ng per ml). TGF/3 
120 and 140 h IJerms d iluent, p < 0.0001. (D) 
1,25 (0H)2 D 1 (tO - '' M). 1,25(0H)2 D, at 
24 h IJCI'S IIS diluent, p < 0.000:1; at 48 h. p < 
0.016; at 72 h. p < 0.001; at 96 h , p < 0 .007; 
at 120 h. p < 0.002; at 144 h , p < 0.0001. (E) 
TNFa: (500 units per ml). TNFa: IJerms di-
lue11t, not signHicant. Dose- response increase 
of TUNEL positive cell s in keratinocytes 
treated with different doses ofTGF/31 (1 0, 30, 
or 100 ng per m l) (F) or 1 ,25(0H),D1 (10- 8 , 
tO- '·. or 1 o-s M) (G) . 
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by the seria l confoca l images (Fig. 3A-C). In particular, UVB 
induced a significant number of apoptotic cells starting at 6 h with 
doses as low as 10 and 2S mJ p er cm 2 . With these doses, however, 
apoptotic cells did not increase up to 24 h . Percentage of apoptotic 
cells was already between 18 and 31°;{, at 12 h with UVB at SO and 
7 S mJ per cm 2 . At 24 h , percentage of apoptotic keratinocytes 
reached 32 and 7S% with UVB at SO and 7S mJ per cm2 , 
respectively. Sham-irradiated keratincytes did not show apoptotic 
keratinocytes at any time (Fig 4A). 
Calci um-indu ced apoptosis occurred in lO'Y., and S% keratino-
cytes as early as at 6 h with 2 and 3 mM calcium, respectively. 
Apoptotic keratinocytes were about 10% at 12 h with both 2 and 3 
mM calcium. Percentage of apoptotic cells was abou t 20% 2fter 
treatment with 3 mM calcium at 24 h , twice the number o bserved 
5 0 1 0 0 1 50 
hours 
4 0 6 0 8 0 1 0 0 
TGFbela (ng/ml) 
at 2 mM . At 36 h both concentrations induced about 30% apopwtic 
keratinocytes (Fig 4B) . Figure 3A shows sequential confocal 
images of apoptotic keratinocytes afte r treatment with 2 mM 
calcium at 36 h . Equal numbers of apoptotic keratinocytes were 
observed in TGF{31-treated keratinocytes and in controls up to 
96 h . At 120 and 144 h, however, the percentage of apoptotic cells 
was significantly higher than in con tro l cultures, w.ith a peak of 
about 30% TUNEL-positive keratinocytes (Figs 3A,D; 4C). 
1 ,2S (OH) 2 0 3 appeared to be a significant apoptogenj c stimu]us for 
·cultured keratinocytes starting at 24 h , although the number of 
TUNEL-positive cells peaked strikingly at 144 h at abou t 30% 
apoptotic keratinocytes (Figs 3A; 4D). In addition, both TGF{31 
and 1,2S(OH)2D 3 induced keratinocyte apoptosis in a concentra-
tion- dependent manner (Fig 4F,G). TNFa has been shown to 
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Figure 5. DNA fragmentation in keratinocytes. Crude lysates were 
obtained from 2 X 10'' attached or detached cells at different times after 
plating, as reported in Materia ls n11d Methods. Cells were plated at 15 X 103 
cells per cm2 and lysa tes were obtained from keratinocytes treated with 
UVB (ln11e n), calcium (la 11c b), TGF{3 (lm11· c), 1 ,25(0H)2D3 (ln11 e d), and 
TN Fa (/nne e). Typical DNA ladder js shown 24 h after UVB irradiation at 
a dose of 50 mj per cm2 , 36 h after treatment with 2 mM calcium, 120 h 
after treatment with 30 ng TGF{3 per ml and 144 h after treatment with 
1,25(0H),D3 . No DNA ladder is observed in keratinOC)•tes treated with 
TN Fa (ln11e e) or in sham-irradiated keratinocytes (ln11e ./) and in keratino-
cytes treated with diluent alone (lmte g). 
induce apoptosis in several cell lines (Elias eta/, 1988; Wright ef a/, 
1992) and to be involved in VVB-i.nduced apoptosis in human 
keratinocytes. On the other hand , . TNFa alone was not apopto-
genic in itself for normal human keratinocytes (Schwartz et a/, 
1995) . Consistent with these observations, o ur study f.-.iJed to 
demonstrate an e fl:ect ofTNFa in stimulating keratinocyte apopto-
sis, even after 6 din culture (Fig 4E) . lt should be pointed out that 
percentage ofTUNEL-positive cells in untreated keratinocytes did 
not exceed 5% up to 120 h, but at 144 h, apoptotic keratinocytes 
were around 10%. These data confirm previous reports of apoptotic 
kerati.nocytes detected in normal human epidermis (Grubauer eta/, 
1986; Gavriel.i eta/, 1992; Polakowska et a/, 1994). 
UVB, Calcium, TGF/31, and 1,25(0H)2 D 3 Induce DNA 
Fragmentation To further confirm the apoptogenic effe ct of the 
different stimuli in human keratinocytes, cells were harvested at 
different times for detection of DNA fragm entation. The DNA 
"ladder," caused by endonuclease cleavage of internucleosomal 
DNA, is one of the bioche mical features of apoptosis and can be 
detected within few hours or days, depending on the apoptotic 
stimuli and the ce ll type . DNA fragmentation was observed in 
UVB-irradiated keratinocytes only with high doses and required at 
least 25% apoptotic cells to occur. Indeed, DNA ladder appeared at 
12 h with UVB at 75 mJ per cm2 and at 24 h with UVB at 50 mJ 
per cm 2 (Fig 5, lane a) . Similarly, 2 mM calcium caused DNA 
Figure 6. Electron microscopic exami-
nation of apoptosis induced in cultured 
human keratinocytes after treat1nent 
with 1,25(0H),D3 (B) or diluent (A). 
Note some of the typical features of apopto-
tic cells, including loss of mjcrovilli on the 
plasma membrane, vacuolization of the cy-
toplasm, and surface blebbing (A), extensive 
condensation of nuclear chromatin (-->). 
Scale bar, 3 J.Lm. 
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fragmentation at 36 h (Fig 5, lane b), despite the presence of 
a significant number of apoptotic cells at 24 h. TGF{31 and 
1,25(0H)2D 3 induced DNA laddering ofkeratiuocytes not earlier 
than 144 h (Fig 5, lanes call(/ rl). These findings confinn that the ;, 
sit11 nick-end-labeling technique allows an earlier detection of the 
apoptotic process (Gavrieli et a/, 1992), which actually begins 
be fore the appearance of the DNA ladder. No DNA fragmentation 
was observed after treatment with TNFa (Fig 5, la11 e e), after 
sham-irradiation (Fig 5, la11 ej), or addition of diluent alon e (Fig 5, 
laue g). 
Human Keratinocytes Treated with UVB, Calcium, TGF/31, 
and 1,25(0H)2D 3 Show Ultrastructural Features of Apopto-
sis Electron microscopy was used to confirm that apoptotic 
keratinocytes exhibit the gross features of this process, as described 
by Kerr et a/ (1972) . Indeed, in a.ll instances, keratinocytes showed 
extensive vacuol.ization of the cytoplasm, loss of microvilli on the 
plasma membrane, margination, and condensation of the chroma-
tin . On the contrary, no such morphologic changes were observed 
in untreated kerati.nocytes. ln particular, Fig 6B illustrates the 
features of apoptotic keratinocytes treated with 1,25(0H)2D:~ as 
opposed to an untreated keratinocyte (Fig 6A) at 144 h. 
DISCUSSION 
In this paper w e have used th e TUNEL technique to analyze the 
apoptogenic effects of several factors on cultured human keratino-
cytes. T he TUNEL method allows an i11 sit11 evaluation of the single 
cell and a m easurement of the extent of the apoptotic process 
(GavrieE et a/, 1992). Although the DNA ladder is considered the 
biochemical hallmark of apoptosis (Wyllie et a/, 1984) , it involves 
the analysis of the entirely homogenized cell population , thus 
allowing only an occasional and a late detection of the apoptotic 
event. 
Jn the cu rrent study, we show that a discrete percentage of 
apoptotic cells can always be detected with diverse stimuU earlier 
than the appearance of the DNA ladder. 
T hese observations are consistent with previous reports. For 
instance, apoptosis is de tected by DNA laddering in cu ltured 
human keratinocytes only 4 or 5 d after the addition of the 
high-affmity nerve growth factor receptor (trk) inhibitor K252 or 
the anti-nerve growth factor antibody, respectively . Conversely, 
TUNEL teclmique shows that after both stimuli, apoptosis is 
present in 10% of the K252-treated keratinocytes at 24 hand in 12% 
of anti-nerve growth factor-trea ted cells at 72 h (Pincem, unpub-
l.ished results) . Also, in thymocytes, dexamethasone-induced apo-
ptosis is detected at 1.5 h by TUNEL and only at 3 h by DNA 
laddering (Gavrieli eta/, 1992). This is not surprising, because DNA 
fragmentation has been shown to be a late event in the apoptotic 
process (Hedgecock et a/, 1983). lt has been argued that TUNEL 
assay would not discriminate between apoptosis and necrosis . 
Although this could be th e case in certain cell systems where the 
apoptotic process is rather rapid or induced by particular agents 
(Grasl-Kraupp et a/, 1995), in this study, involving keratinocytes 
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and physiologic stimuli, TUNEL teclmique seemed to be rather 
dependable . In fact, in keratinocytes, the apoptotic process is slow, 
and when TUNEL first detects apoptotic cells, they display the 
typical features of apoptosis (Kerr et n/, 1972), as shown by confocal 
laser microscopy. In particular, keratinocytes show shrinkage of the 
cytop lasm and chromatin condensed at the periphery of the nucle-
ous. Characteristics of apoptotic cells are also confirmed by electron 
microscopy, although no necrotic cells are observed at this time. 
From the current study, the combination of DNA electrophoresis 
and TUNEL technique appears to be most reliable for detecting 
apoptosis in cultured human keratinocytes. 
One could consider that starvation ofkeratinocytes alone leads to 
cell cycle arrest and apoptosis, thus masking the activity of factors 
used in this study as apoptogenic stimuli. This work, however, 
shows that keratinocytes grown in KBM maintain active prolifera-
tion state throughout the 5 d in culture and that cell via bility is very 
high at all times. These data support the concept that only the 
addition of the stimuli used in this system can cause the apoptotic 
process to take place. 
UV irradiation is the major source of cellular damage in the skin 
and induces the formation of the so-caUed "sunbum cells" (Young, 
1987). Although these particular cells have been observed i11 viPo 
for many years, they were supposed but never proved to be 
apoptotic. It has been recently shown, by using the TUNEL 
method, that "sunburn cells" observed in hematOA]'lin-a.nd-eosin-
stained sections are truly apoptotic, and they appear in skin-
equivalent i11 Pifro models 8 h afte r UBV irradiation at 50-100 mJ 
per cm2 (Haake and Polakowska, 1995). Our study confirms these 
observations, although we observed a discrete percentage of 
TUNEL-positive cel.l s even em·lier and afte r lower doses of UVB, 
most likely beca use monolayer keratinocytes are more susceptible 
than the reconstituted epidermis. We were also able to demonstrate 
by e lectron microscopy that TUNEL-positive keratinocytes exhibit 
the gross features of apoptosis, as described by Kerr and Harmon 
(1991), proving that the "sunburn cell " is an apoptotic keratino-
cyte. 
There is other convincing evidence suggesting that regulatory 
factors that contro l the cell cycle are also involved in the mecha-
nisms of cell death (Rubin et nl, 1993) . In addition to UV light, 
calcium, a crucial regulator of keratinocyte growth and differenti-
ation, also causes apoptosis in cultured human keratinocytes. 
Calcium has been shown to induce apoptosis in other cells such as 
thymocytes and hepatocytes Qones et nl, 1989; McConkey et nl, 
1990). In suprabasal keratinocytes, calcium activates endonuclease 
and induces apoptotic cell death (McCall and Coeh.n, 1991). When 
calcium is added to the culture medium, it normally stimulates 
keratinocyte differentiation within 24-48 h. In the current study, 
performed with a medium that selects mostly basal keratinocytes, 
calcium induced apoptosis within a few hours, at a time when no 
morphologic evidence of differentiation was yet observed. It may 
veL)' well be, in agreement with Haake and Polakowska (1993), 
that keratinocytes either die rapidly by apoptosis or slowly by 
terminal differentiation, suggesting that terminal differentiation may 
be a specialized form of apoptosis . 
We also demonstrate in this paper that TGF{31 and a vitamin D 3 
derivative induce apoptosis in cultured human keratinocytes. Al-
though TGF{31 has been shown to cause apoptotic cell death in 
several cell types (AI am et a/, 1994; Jurgensmeier et a/, 199 5), there 
are rare reports of the apoptogenic effect of 1,25(0H)2 D 3 (Vande-
walle et nl, 1995). In the current work, although apoptosis induced 
by TGF{3 is clearly shown by DNA laddering and electron micros-
copy, the pe~centage ofTUNEL-positive cells could be due to the 
additive effect of a decreased total cell number after inhibition of 
cell proliferation. In this respect, Rotella et a/ (1991) have demon-
strated that TGF{3 coordinately regulates apoptosis and cell prolif-
eration in primary cultures of epithelial cells. On the contrary, the 
inhibitory effect of 1 ,25(0H)2D 3 on keratinocyte proliferation is 
not significant and does not seem to influence the number of 
TUNEL-positive cells. Furthermore , 10- '' M 1,25(0H)D3 , which 
is capable of inducing apoptosis , does not significantly affect 
IN SITU ANALYS IS OF APOPTOTIC KERATINOCYTES 281 
keratinocyte proliferation . It has been proposed recently that the 
relationship between growth arrest and apoptosis is regulated 
mostly by a complex interplay among p21, p53 genes, and other 
factors (Polyak e/ nl, 1996). According to this model, cells can 
undergo apoptosis after the initial growth arrest, and we could 
speculate that this is the case of TGF{3 stimulation in o ur system. 
Alternatively, cells can directly undergo apoptosis, perhaps as 
keratinocytes do upon treatment with vitamin D 3 in our experi-
ments. Vitamin D 3 induces the expression of TGF{3 in epithelia.! 
cells , and TGF,B plays a role in vitamin D 3-mediated inhibition of 
proliferation in mouse epidermal kerati..nocytes (Koli and Keski-oja, 
1996). Whether TGF,Bl also m ediates the apoptogenic effect of 
1,25(0H)zD3 in normal human keratinocytes remains to be deter-
mined. It has been recently reported that psoriatic keratinocytes are 
resistant to apoptosis 1 and that the number of apoptotic cells is 
significantly decreased in psoriatic skin/ thus implying an involve-
ment of apoptosis in the pathomechanisms of psoriasis. Because 
vitamin D 3 de1-ivatives are highly effective in the treatment of 
psodas is (Kragballe, 1992), it may be hypothesized that among 
other mechanisms, 1,25(0H)2 D 3 acts by inducing apoptosis of 
psoriatic keratinocytes. 
We demonstrate in tl1is paper that apoptosis occurs in human 
keratinocytes after diverse stimuli. The data presented herein 
clearly suggest that in addition to cell proliferation and differenti-
ation, apoptotic cell death, which has been so far overlooked, 
should be taken into account when studying the pathophysiology of 
human epidermis. In particular, a better understanding of the 
mechanisms tl1at induce a cell to commit suicide would have 
obvious implications for the etiology of hyperproliferative disor-
ders, including cancer. Finally, the presence of a discrete number of 
apoptotic cells in unstimulated keratinocyte cultures seems to be 
consistent with tl1e idea proposed by others (Budtz, 1994; Pola-
kowska and Haake, 1994) that apoptosis is an in1portant control 
point in epidermal homeostasis. 
~Ve ,qrntifully tltauk Cristiua Vascltieri for tlte excei/CIIt tecllllical assistauce. Tit is work 
"'as suppm1etl i11 pal! IJ)' a gmt II jro111 tl1e /stituto D enuopatico dell 'lllllllacolata, Ro111a. 
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